Papillary thyroid carcinoma (PTC) is defined by an invasive growth pattern and classic nuclear features: enlarged, grooved, overlapping nuclei with chromatin clearing and intranuclear cytoplasmic pseudoinclusions (INCP). True INCPs are characteristic of PTC, but may infrequently be seen in noninvasive follicular thyroid neoplasms with papillary-like nuclear features (NIFTP). Nuclear abnormalities that mimic INCP ("pseudo-pseudoinclusions") are common in a variety of thyroid lesions. H&E and ubiquitin-stained whole tissue sections of classic PTC (n = 25) and NIFTP (n = 35) were evaluated. On H&E, true INCPs were present in all (100%) PTCs and absent in all NIFTPs (0%). Pseudo-pseudoinclusions were present in 13 (37%) NIFTPs. In 24 (96%) PTCs, ubiquitin was strongly expressed within INCPs. In NIFTPs, optically clear nuclei or pseudopseudoinclusions did not express ubiquitin (0/35). Occasionally, nuclear vacuoles in NIFTP demonstrated a marginated staining pattern, in which strong ubiquitin expression was seen at the periphery of the nucleus, but the central pale area was negative. In addition, 2 NIFTPs demonstrated intrafollicular psammomatoid calcifications which were strongly ubiquitinpositive. Psammoma bodies in PTC were ubiquitin-negative in the majority of cases. We report a previously undescribed finding: strong ubiquitin expression in true INCPs in PTC, absence of true INCPs in NIFTP, and absence of ubiquitin expression in pseudo-pseudoinclusions in NIFTP. This finding supports the difference between true INCPs (found only in PTC) and pseudo-pseudoinclusions (found in NIFTP). Using strict histologic criteria and ubiquitin immunostaining, the presence of true pseudoinclusions may exclude a diagnosis of NIFTP. Caution should be exercised when interpreting nuclear vacuoles or pseudo-pseudoinclusions.
Background
Papillary thyroid carcinoma (PTC) is the most common thyroid malignancy, representing approximately 80% of thyroid carcinomas [1] . Historically, nuclear features have superseded architectural features in thyroid neoplasms, and the presence of specific nuclear features equated to a diagnosis of PTC, regardless of the architectural pattern. These nuclear features include enlargement, overlapping, irregular contours or grooves, chromatin clearing or "Orphan Annie Eyes", and intranuclear cytoplasmic pseudoinclusions [1] . With the recent introduction of non-invasive follicular thyroid neoplasm with papillary-like nuclear features (NIFTP) to the diagnostic armamentarium, the presence of such nuclear features in the context of a circumscribed, follicular-patterned neoplasm no longer necessitates a diagnosis of carcinoma. If strict architectural and nuclear criteria are met, a NIFTP diagnosis can be rendered [2] . A comprehensive review of the diagnostic criteria for NIFTP is outside the scope of this study but has been well-described in recent publications [3, 4] . Although pseudoinclusions are allowed in NIFTP according to the consensus proposal, an abundance should incite a more rigorous search for features of classic PTC [3] . Currently, the quantity or frequency of pseudoinclusions allowed in NIFTP is unknown. It has been suggested by some that they are rare [3] , and by others that their presence favors PTC over NIFTP [5, 6] .
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Furthermore, nuclear changes that mimic PTC-like nuclei can be seen in various non-neoplastic conditions, benign neoplasms, or as a result of tissue processing [1, 7, 8] . Inflammation or fibrosis in the context of thyroiditis can induce nuclear clearing [8] . Extreme temperature changes (including intraoperative freezing or overheating during processing) as well as inadequate fixation can result in fuzzy intranuclear vacuoles or bubbles (so-called pseudopseudoinclusions) [8] [9] [10] [11] . A true intranuclear cytoplasmic pseudoinclusion is limited to one per nucleus, is round, is bound by a crisp nuclear membrane, contains cytoplasm that matches the cytoplasm peripheral to the nucleus, and is present in occasional cells [9] . Artefactual pseudo-pseudoinclusions are frequently multiple per nucleus, are pale, are poorly demarcated, and often occur in a high percentage of cells [9] .
Burgeoning research into classic PTC has illuminated a number of underlying pathogenetic mechanisms, among them mutations in proteins associated with ubiquitination [12] [13] [14] . Some mutations lead to an increase in cellular ubiquitin content [13] . Members of the ubiquitin family are frequently involved in post-translational protein modification [15, 16] . Following covalent bonding to the ubiquitin molecule, intracellular proteins are targeted for destruction or sub-cellular organelle localization. They can also be involved in signaling and serve to maintain the quality of protein products [15, 16] . Alterations in proteins in the ubiquitin pathway have been implicated in the development of a variety of malignancies including PTC [16] , likely due to aberrantly-enhanced degradation of tumor-suppressing proteins or inappropriately hindered degradation of oncoproteins associated with cell proliferation and survival. While patterns of ubiquitin expression in PTC or follicular neoplasms have not been systematically studied, we have anecdotally observed that immunohistochemical (IHC) staining of classic PTCs with ubiquitin-targeting antibodies preferentially highlights the cytoplasm within nuclear pseudoinclusions in PTC. However, the significance and reproducibility of this staining pattern is unknown.
The aim of this study is to determine the prevalence of true intranuclear cytoplasmic pseudoinclusions in classic PTC versus NIFTP and to evaluate ubiquitin expression patterns in classic PTC versus NIFTP, with a specific emphasis on nuclear expression.
Methods
With Institutional Review Board Approval, classic PTCs and NIFTPs were identified in the diagnostic pathology archives (2010-2017). Twenty-five PTCs were selected based on the presence of classic architectural and nuclear features: an invasive growth pattern with the presence of well-developed branching papillae, usually with dense eosinophilic cytoplasm, and well-developed nuclear features of PTC. The presence of nuclear pseudoinclusions in PTC was not specifically used as an inclusion criterion. Thirty-five NIFTPs were selected based on adequate nuclear atypia consistent with a diagnosis of NIFTP and abundant tumor volume. The presence of nuclear pseudoinclusions or nuclear pseudo-pseudoinclusions in NIFTP was not specifically used as an inclusion criterion. All slides from all cases were reviewed and a block with abundant tumor volume was selected from each case. Given the relatively recent definition of NIFTP, cases that pre-dated the NIFTP classification were reviewed and diagnosis confirmed for the purposes of this investigation.
From each case, one block most representative of the tumor morphology was selected, and whole tissue sections 3 microns in thickness were cut. One slide was stained with Hematoxylin & Eosin. A second slide was stained for ubiquitin: After deparaffinization and rehydration, tissue sections were treated with 80% formic acid for 60 min at room temperature. Anti-ubiquitin antibody (1:200) was applied on tissue sections for a 1-h incubation at room temperature in a humidity chamber. Following TBS wash, the antigen-antibody binding was detected with Envision+ anti-mouse-HRP system (DAKO, K4001) and DAB + chromogen (DAKO, K3468) (Agilent, Santa Clara, CA). Tissue sections were briefly immersed in hematoxylin for counterstaining and were covered with cover glasses.
H&E sections were reviewed from all cases for the presence of pseudoinclusions and pseudo-pseudoinclusions. True intranuclear cytoplasmic pseudoinclusions were considered present if they met the following criteria: one per nucleus; present in scattered cells and not the majority of cells; had a crisp border resembling nuclear membrane; contained material with tinctorial and textural similarity to the peripheral cytoplasm (usually eosinophilic and dense). IHC-stained sections were reviewed for the presence of cytoplasmic and nuclear ubiquitin expression patterns.
When available, next generation sequencing data was gathered on the NIFTPs. Sequencing was performed for clinical or research purposes, as previously described [17] . In brief, using a clinically validated assay, formalin-fixed, paraffin-embedded DNA was amplified for somatic mutations located within mutational hotspot regions of 50 cancerrelated genes including BRAF, HRAS, NRAS, and KRAS.
Results

Ubiquitin Immunostaining in PTC
Of the 25 included cases of classic PTC, true intranuclear cytoplasmic pseudoinclusions were identified on H&E stained sections in all 25 (100%). Ubiquitin showed patchy, weak-moderate nuclear and/or cytoplasmic expression in both the tumor and surrounding normal thyroid tissue in 23 (92%). In 24 (96%), ubiquitin was strongly expressed within intranuclear cytoplasmic pseudoinclusions, and was darker than the background nuclear and/or cytoplasmic staining (Fig. 1) . Psammoma bodies were present in 12 (48%) cases: the psammoma bodies in 4 (33%) cases had moderate to strong ubiquitin staining; the remaining 8 (67%) cases were negative (Fig. 2) . (arrow; a) . In most cases, psammoma bodies are negative for ubiquitin (arrow; b). Variable background nuclear and cytoplasmic staining is present in the carcinoma cells
Ubiquitin Immunostaining in NIFTP
Of the 35 included cases of NIFTP, none (0%) had true intranuclear cytoplasmic pseudoinclusions on H&E stained sections. However, pseudo-pseudoinclusions were present in 13 (37%). Ubiquitin showed patchy, weak-moderate nuclear and/or cytoplasmic expression in both the tumor and surrounding normal thyroid tissue in 26 (74%). Ubiquitin was not strongly expressed in optically clear nuclei, blurry intranuclear vacuoles, or intranuclear pseudo-pseudoinclusions (0; 0%). In 4 (11%) cases, nuclear vacuoles demonstrated a marginated staining pattern, where moderate-strong ubiquitin staining was present inside the nucleus at the chromatinrich periphery, but the central vacuole was negative (Fig. 3) . Two (6%) cases contained intrafollicular psammomatoid calcifications of colloid which strongly stained for ubiquitin (Fig. 4 ).
Pathogenic Mutations in NIFTP
Next generation sequencing data was available in 23 (66%) of NIFTP cases. Pathogenic mutations were present in 16 (70%) of tested cases: 15 had a mutation in one of the three RAS isoforms (8 NRAS, 5 HRAS, 2 KRAS) and 1 had BRAF K601E mutation. This BRAF mutation is distinct from V600E, is predominantly present in follicular neoplasms, and is phenotypically considered to be RAS-like [18] . Pathogenic mutations were not detected in the remaining 7 (30%) cases. 
Discussion/Conclusion
In this study, true intranuclear cytoplasmic pseudoinclusions were absent in NIFTP, and ubiquitin-expression patterns were different in true pseudoinclusions in PTC compared to pseudo-pseudoinclusions in NIFTP. While background weak-moderate nuclear or cytoplasmic ubiquitin expression was present in most cases of PTC and NIFTP, intense dark staining was only seen within true nuclear pseudoinclusions of PTC and was present in 96% of classic PTC cases. No case of NIFTP had true pseudoinclusions by H&E or by ubiquitin staining. However, nuclear pseudo-pseudoinclusions were present on H&E sections in 37% of NIFTP cases. Strong staining was not present in pseudoinclusion mimics, i.e. nuclei with chromatin clearing or with vacuoles (pseudo-pseudoinclusions). Instead, pseudo-pseudoinclusions had a marginated pattern, where ubiquitin highlighted the chromatin-rich periphery of the nucleus and the pseudo-pseudoinclusion or central vacuole was negative. This pattern was present in 11% of NIFTP cases. These patterns of ubiquitin expression have not previously been described. These findings support the different origin of true pseudoinclusions (cytoplasmic invaginations) compared to artefactual mimics. The diagnosis of NIFTP was supported with molecular studies in 23 cases, of which 16 (70%) had pathogenic RAS or RAS-like mutations [18] .
The pathophysiologic events leading to the finding of strong ubiquitin expression in true pseudoinclusions are unknown, however, this staining pattern may be useful in diagnosis of classic PTCs showing follicular growth rather than adenomatous nodules with atypia or NIFTPs. According to recent consensus agreement, pseudoinclusions are allowed in NIFTP [3, 4] , however, true pseudoinclusions meeting our strict definition were not present in this series of NIFTP. Previous studies have closely examined nuclear irregularities in PTC in order to discern the nature of their formation. Electron microscopy studies have suggested that nuclear grooves and nuclear pseudoinclusions are manifestations of a continuum of nuclear changes resulting from redundancy of the nuclear membrane. Namely, nuclear pseudoinclusions develop from expansion or deep intussusception of nuclear grooves [19] . Similarly, nuclear pseudoinclusions contain cytoplasmic organelles and are lined by a lipid bilayer, further supporting that nuclear pseudoinclusions are invaginations of cytoplasm [19] . Studies of major nuclear structural proteins including lamin A, lamin B1, lamin C, lamin B1 receptor, lamina-associated polypeptide 2, and emerin have indicated that alterations in nuclear structural proteins are not the source of nuclear irregularities in PTC [20] . Rather, nuclear irregularities may be the result of alterations in differential mechanical forces between the chromatin within the nuclear matrix and cytoskeletal extranuclear proteins [20] . Studies evaluating emerin immunoreactivity have served to eliminate ambiguity in differentiation of nuclear atypia in PTC from artefactual nuclear aberrations in follicular neoplasms [21, 22] . Specifically, emerin labels the nuclear membrane and clearly highlights both outer and inner nuclear envelopes in pseudoinclusions. It also demonstrates severe folding and bosselation of the outer nuclear membrane in PTC [21, 22] . Conversely, invagination of the nuclear membrane is not present in artefactually vacuolated nuclei in follicular neoplasms [21] . We speculate that accumulation of intermediate filaments damaged by shearing forces on the nuclear membrane may contribute to ubiquitin accumulation in pseudoinclusions. It is uncertain whether this finding may be a result of absolute ubiquitin excess in the cell or abnormal localization of ubiquitinated-proteins. Nuclear pseudoinclusions have also been described in neoplasms outside of the thyroid including usual ductal hyperplasia of the breast, meningiomas, and melanocytic lesions [9, 23] . The nature of nuclear pseudoinclusions in other such neoplasms is beyond the scope of this study.
Nuclear features mimicking PTC can be found not only in NIFTPs but also in various benign or reactive thyroid conditions. Specifically, chromatin margination creating an optically clear nucleus may be present in the diffuse follicular hyperplasia of Graves disease as well as areas of nuclear injury in lymphocytic thyroiditis [8] . Fine needle aspiration (FNA) artifact can also result in chromatin clearing and other worrisome architectural features (such as seeding of the biopsy tract with tumor cells mimicking invasion). As most thyroid nodules are subject to preoperative FNA biopsy, such artifacts are encountered regularly in thyroid histopathology. Reviews have suggested that artifacts concerning for carcinoma are encountered in as many as 12% of thyroidectomies following FNA [24] . Reassuring signs of benignity in these situations include the lack of true pseudoinclusions and the focal nature of the nuclear changes [8] . Not only biologic processes but variability in tissue processing can also result in nuclear changes. Some artefacts simulating pseudoinclusions may result from overheating and water evaporation during routine tissue processing. When special precautions for drying tissues are performed experimentally, the presence of nuclear 'bubbling' is diminished [11] .
Another common finding in PTC is the presence of psammoma bodies, defined as ovoid calcifications with concentric lamellations, present in cellular colloid-poor regions of PTC, and thought to be the result of infarcted papillary projections [8, 25, 26] . Coarse dystrophic calcifications distinct from psammoma bodies are common in FNA tracts and at the periphery of some nodules in an eggshell-like distribution [27] . Microcalcifications resembling psammoma bodies have also been reported in benign thyroid neoplasms and should be distinguished from true psammoma bodies of PTC. Microcalcifications (or so-called psammomatoid calcifications) can occasionally show concentric lamellations and are generally encountered within follicular lumina of oncocytic or Hurthle cell lesions [8, 25] . They are thought to represent inspissated colloid [26] . Two NIFTP cases in our study contained intrafollicular psammomatoid calcifications which were strongly positive for ubiquitin IHC, while true psammoma bodies in PTC cases were predominantly negative (67%). This finding has not previously been reported in the literature, though given the rarity of colloidal psammomatoid calcifications, the relevance may be limited. Although oncocytic NIFTPs remain controversial, they have not been definitively excluded, and were therefore included in this study in limited numbers [3] .
In this study, true pseudoinclusions were only present in PTC and were absent in NIFTP. We also report an interesting and novel finding of strong ubiquitin expression in true intranuclear cytoplasmic pseudoinclusions in PTC, a pattern which was not present in papillary-like nuclei in NIFTP. This finding may aid in confirming the diagnosis of PTC in a thyroid mass by helping to separate true nuclear pseudoinclusions from pseudo-pseudoinclusions in non-malignant lesions, including chromatin clearing secondary to reactive changes or vacuoles created during tissue processing. We also uncovered two other unique phenomena, though in small number: a marginated pattern of ubiquitin expression in pseudo-pseudoinclusions and strong staining of colloidal psammomatoid calcifications in NIFTP. Though the precise mechanisms of these patterns of ubiquitin expression are yet to be determined, this study supports recent experimental evidence suggesting that ubiquitin and ubiquitin-related proteins may be increased in PTC [12] [13] [14] . Based on our data, true pseudoinclusions may be absent in NIFTP and ubiquitin immunostaining may help differentiate pseudoinclusions in PTC from nuclear artefacts.
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